pothesis and led to a modified version of the model, and then broaden our focus to briefly consider the possible roles of NKB in other species and systems.
Introduction
Studies in sheep on neurokinin B (NKB) and the control of GnRH secretion have a relatively brief history because workers using this animal model, like most other reproductive neuroendocrinologists, largely ignored the pioneering work of Naomi Rance and her colleagues correlating NKB expression with LH secretion in humans [1] , primates [2] , and rats [3] . Thus the first paper on the ovine NKB system did not appear until 2000 [4] . It described a population of NKB neurons in the arcuate nucleus (ARC), almost all (97%) of which contained estrogen receptor-α (ERα). A subset of this population was also sexually differentiated, with twice as many neurons in the caudal ARC of females than males and prenatally androgenized females, and appeared to project to GnRH neurons in the preoptic area (POA) based on light microscopic analysis. We were struck by the close anatomical similarities of these NKB neurons to a group of ARC dynorphin neurons that we were testing for a role in progesterone-negative feedback in the ewe. Specifically, they showed the same distribution within the ARC (concentrated in the more posterior regions) and over 90% of them contained progesterone receptors [5] . We could infer that these dynorphin neurons contained ERα because all ovine progesterone receptor-positive neurons also express this estrogen receptor [6] . The high expression of steroid receptors in these NKB and dynorphin neurons contrasted with the relatively low percentage (15-20%) co-localization of ERα with other ARC neurons containing β-endorphin, neuropeptide Y, or dopamine [7, 8] , and raised the possibility that NKB and dynorphin were contained in the same neurons. This co-localization was confirmed by a dual-label immunocytochemical (ICC) analysis, which also reported the frequent presence of close appositions containing both NKB and dynorphin onto NKB-dynorphin cells [9] suggesting that these cells form a reciprocally interconnected circuit (see below).
These anatomical studies were of some interest, but the possible physiological actions of NKB in ewes remained largely unknown. The sex differences in expression raised the possibility that the ARC population might be involved in the preovulatory LH surge, which occurs in female, but not male (or androgenized female) sheep [10] . However, expression of mRNA levels for the NKB precursor did not increase at the time of the estrogeninduced surge [4] and was suppressed 4 h after initiation of a surge-inducing estradiol treatment in ovariectomized (OVX) ewes [11] . In our initial attempt to assess the action of NKB in ewes, we observed a dramatic increase in LH concentrations following icv injection of senktide, an agonist for the NKB receptor (NK3R) [12] . However, we did not actively pursue this observation because we had no funding for this work and because it conflicted with reported inhibitory effects of senktide in rats [13] . Moreover, during this period, the discovery of the critical role of kisspeptin in human reproduction [14, 15] attracted the attention of virtually all reproductive neuroendocrinologists, so what little interest there was in NKB waned even further.
The lack of interest in NKB was dramatically altered by two reports. First, because of the high expression of ERα in ovine ARC kisspeptin-positive cells [16] , we tested them for co-localization with NKB and dynorphin and concluded that in ewes there was a single population of neurons in the ARC that contained all three peptides [17] . This population, which we named KNDy (for kisspeptin, NKB, and dynorphin, and derived from the origin of 'kiss peptin') neurons [18] has since been described in rats [19, 20] , mice [21] , and goats [22] . As discussed at the end of this review, there is also considerable evidence for their existence in women [23] , but their role in men remains under debate [24] . The second critical observation was the report that loss-of-function mutations in the genes for NKB or its receptor caused infertility in humans [25] . Thus, although the reproductive deficits resulting from loss of NKB signaling may not be as severe as those seen in Kiss1R-deficent individuals [26] , both NKB and kisspeptin appear to have actions necessary for normal secretion of GnRH in humans. As was the case with the earlier reports on Kiss1R mutations, the report by Topaloglu et al. [25] focused the attention of reproductive neuroendocrinologists on the role of NKB. Moreover, several characteristics of these KNDy neurons (discussed in detail below) soon led four different groups to propose that they play a key role in synchronizing the secretory activity of GnRH neurons to produce episodic secretion of this neuropeptide [21, [27] [28] [29] .
This article will focus primarily on the role of NKB in the generation of GnRH pulses in the ewe. Specifically, we will: (1) summarize the neuroanatomy of NKB signaling on the ovine diencephalon; (2) describe the evidence from a number of species that led to the development of the initial model for the GnRH pulse generator; (3) discuss experiments in the ewe and goat designed to test the proposed roles of NKB (and other KNDy peptides) in this model that resulted in a modification of it, and (4) close with a more general discussion of the possible roles of NKB.
Neuroanatomy of NKB Signaling

Cell Bodies
The two reports that examined distribution of NKB neurons in the ovine diencephalon agree that the vast majority of NKB-containing cell bodies are located in the ARC ( fig. 1 ). One report observed scattered (<2 cells/section) NKB-immunoreactive (ir) cell bodies in the POA [4] , but these were not seen in the other study [9] , possibly because an immunofluorescent, not immunoperoxidase, protocol was used [9] . It should be noted that animals were not pretreated with colchicine in either study, so NKB-producing cells that rapidly transport this peptide to terminals may have been missed. As discussed below, the presence of NKB-containing fibers that do not contain dynorphin or kisspeptin are consistent with this possibility or that some NKB fibers in the hypothalamus arise from other brain regions. Thus, further studies using in situ hybridization are needed before any definite conclusions can be drawn on the distribution of NKB-producing neurons outside the ARC in the ewe.
Because almost all ARC NKB neurons in female sheep also contain kisspeptin and dynorphin, any one of these peptides can be used as a marker for these cells. Regardless of which antigen has been labeled, there is general agreement that NKB-ir cell bodies are concentrated in the middle and caudal regions of this nucleus. It is, however, unclear whether there are more NKB cells in the middle or caudal ARC as there are reports of more cells in the caudal [4, 17, 30] , more cells in the middle [18, 31] , and similar NKB cell numbers in both regions [5, 17, 30, 32] . This variability cannot be explained by technical differences because the same groups have reported slightly different distributions in different papers [e.g., see 17, 18 and 17, 32 ] . Instead these variations most likely reflect three factors: (1) there is probably a peak in distribution of KNDy neurons near the transition between the middle and caudal ARC, (2) most studies examined a very limited number (1-3) of coronal sections in each area, and (3) there are differences in the definitions of which sections are in the middle or caudal ARC. Thus, sections taken from the anterior portions of the middle and caudal ARC might well indicate more cells in the caudal ARC, while two sections taken from the posterior portions of each would indicate more in the middle ARC. A description of the distribution of KNDy neurons in a complete series of sections through the ovine ARC would thus be useful in clarifying the reasons for these discrepancies. It should also be noted that because expression of the three KNDy peptides is differentially regulated, with kisspeptin and NKB increasing [33, 34] , and dynorphin decreasing [35] , after OVX the high degree of co-localization may vary with endocrine status. For example, there are large seasonal differences in the number of kisspeptin-ir neurons in estradiol-treated OVX ewes [30] that are not seen if dynorphin is used as marker for these cells [31] . However, these differences in expression are generally not region-specific so that the relative distribution of KNDy neurons within the ARC does not change. The one exception to the latter statement is in intact male rams. As was first reported for NKB [4] , there are far fewer kisspeptin and dynorphin-ir cells in male than female sheep [18, 33] , and this sex difference occurs primarily in the more posterior regions of the ARC [4, 18] so that in rams there are only slightly fewer KNDy cells in the rostral ARC.
It should also be noted that dual immunofluorescent procedures do identify some NKB-ir neurons in the ovine ARC that do not contain dynorphin [9] or kisspeptin [17] . This could reflect technical limitations in the ability of this technique because fluorescent probes (which are required for co-localization studies) may not detect low levels of dynorphin or kisspeptin expression. Alternatively it could represent a unique population of NKB-ir neurons; if so, this population is not observed in rats because 99% of NKB-ir neurons in the ARC also contain dynorphin in this species [19] . Because there is no evidence at this time for functional or anatomical subpopulations of KNDy neurons in the ovine ARC, we think the simplest explanation for these observations is that expression of dynorphin and/or kisspeptin was too low to be detected in some neurons in these experiments. 
Projections of ARC NKB Neurons
Because only ARC NKB cell bodies also contain kisspeptin and dynorphin, the existence of fibers and varicosities containing both NKB and kisspeptin, or NKB and dynorphin can be used as indices of projections from ARC NKB neurons. One study has described fibers containing either NKB alone, or both NKB and dynorphin in the POA and hypothalamus [9] . The latter very likely arise from KNDy neurons, but whether fibers containing only NKB come from the few ARC NKB cells that do not contain dynorphin or from NKB cells found in other areas remains to be determined. There has been considerably more work analyzing KNDy inputs onto cell bodies or dendrites using triple-label ICC to identify these inputs.
The most dramatic example of such innervation is onto KNDy neurons themselves ( fig. 2 ), with >90% of NKB/ dynorphin-ir cell bodies receiving close contacts that also contained these two peptides [9] . There is thus a high level of reciprocal innervation among this ARC population. This reciprocal innervation has also been observed in goats [36] and rats [19] . Tract-tracing studies have demonstrated that it extends to bilateral connections between ARC nuclei on each side of the third ventricle [36, 37] , most likely via fibers that pass under the ventricle in the internal zone of the median eminence that have been observed in a number of species including primates [38] . As discussed below, the discovery of this neural network among KNDy neurons had important implications for the possible physiological role of these neurons.
The other target of KNDy neurons of particular interest for this discussion is obviously GnRH neurons. The first evidence for such input came from Goubillon et al. [4] who reported that 39% of POA GnRH neurons ( fig. 3 a) and 23% of GnRH neurons in the anterior hypothalamic area (AHA) received close contacts from NKB-containing varicosities. They inferred that this input came from the ARC NKB-ir cells, but could not rule out other possible sources. More recently, using confocal analysis of kisspeptin/dynorphin-positive close contacts, we observed that GnRH neurons in the POA (59%), AHA (62%) and mediobasal hypothalamus (MBH; fig. 3 b) (78%) received input from KNDy cell bodies [39] . There is also strong evidence supporting projections from KNDy neurons to GnRH axons and terminals in the ovine median eminence [9, 40] . Retrograde tracing studies in sheep have provided evidence that ERα-positive neurons in the ARC and VMH [41] , and more specifi- 3 . a NKB-containing close contact immunostained using nickel-enhanced DAB (blue-black) onto a GnRH neuron immunostained using DAB (brown) in the POA. Magnification bar: 10 μm. Reprinted from Goubillon et al. [4] . b MBH GnRH neuron (green) with two close contacts (arrows) containing both dynorphin (red) and NKB (blue); note nearby KNDy neuron (magenta) also contains both NKB and dynorphin. Magnification bar: 10 μm.
Reprinted from Lehman et al. [27] .
cally KNDy neurons [42] , project to the region in the POA containing the most GnRH neurons. Studies using anterograde tracers, on the other hand, have yielded conflicting data; one reported almost no input to GnRH neurons from the ventromedial nucleus [43] , while the other observed approximately 50% of GnRH neurons received input from this area, probably because larger volumes of tract tracer were injected [44] . The former study also concluded that there was no direct input from the ARC to POA GnRH neurons, but tracer injections appeared to be in the rostral ARC where few KNDy neurons are located. Moreover, conventional tracing studies frequently provide a somewhat limited view of efferent projections because only a small percentage of neurons in the injection site actually take up the tracer. Thus we think that the use of dual ICC to identify KNDy efferents provides a more global analysis of their projections, although it provides no information on the percentage of KNDy cells projecting to a specific target. Finally, although there is limited information on the projections from ovine KNDy neurons to other areas, or cell types, there is evidence that these neurons project to other non-KNDy cells within the ARC (e.g., fig. 6 ), including to about 7% of POMC-ir and 20% of NPY-ir cell bodies [45] .
Inputs to ARC NKB Neurons
The most obvious inputs to these cell bodies are the reciprocal projections from other KNDy neurons described above. It should be noted that although almost all KNDy neurons receive close contacts containing KNDy peptides, we do not know whether this input derives from the same neuron (i.e. are autosynapses), or from other KNDy cell bodies. The other major input that has been described to ovine KNDy neurons is glutamatergic in nature. Specifically, we observed that virtually all KNDy neurons receive vGlut2-containing varicosities and these inputs represented the majority of synaptic terminals in contact with KNDy neurons [46] . Depending on the stage of the estrous cycle, approximately one-half to one-third of these vGlut2-ir vesicles also contained KNDy peptides, indicating that there are at least two sources of glutamatergic input to these neurons.
The other afferents that have been examined contact a more limited number of ARC NKB cells. Input from POA kisspeptin neurons (based on varicosities containing kisspeptin and synaptophysin, but not other products of KNDy cells) is virtually non-existent [Merkley et al., unpubl . data], and only about 17% of KNDy cell bodies are contacted by GnRH-ir vesicles [47] . Input from NPY (13-30%) and POMC (32-44%) [45] neurons is higher than that from GnRH neurons; it has been suggested [48] that this input may allow metabolic signals, such as leptin, to modulate activity of ovine KNDy neurons and exogenous leptin did increase Kiss1 mRNA (grains/cell) in the ARC of food-restricted ewes [45] . There is one report, based on single-cell RT-PCR analysis of laser-captured cells, that ovine KNDy neurons contain mRNA for the leptin receptor [45] , but they apparently do not contain active leptin receptors because leptin did not induce pSTAT3 in any KNDy neurons [49] . The input from GnRH, NPY, and POMC neurons could be part of a reciprocal circuit, but since only a small percentage of each population is involved, whether true reciprocal connections occur at the cellular level remains unclear. It is also important to keep in mind that if the KNDy population functions as an integrated network, then input to a subset of these neurons could affect the whole population. Thus it is important to test the physiological roles of these inputs despite the somewhat limited number of anatomical contacts.
NK3R Expression
There is currently only one detailed description of NK3R expression in the ovine diencephalon, but it provides important information relevant to the possible physiological actions of ARC NKB neurons [50] . There were relatively abundant cells expressing NK3R in the paraventricular nucleus (PVN), ARC and premammillary region (PMR), with slightly lower expression in the POA ( fig. 4 ). Moderate numbers of cells containing NK3R were also observed in the retrochiasmatic area (RCh), bed nucleus of the stria terminalis (BNST), and dorsal medial hypothalamus (DMH). NKB-containing close contacts onto NK3R-ir cells were evident in the ARC (see below) and more rarely seen in other areas, including the PVN, RCh, DMH, and PMR, but not in the POA. Extensive NK3R-ir fibers were observed in the ARC, median eminence, and lateral septum. Considerable fiber staining was also observed in the BNST, POA, PVN, RCh, DMH, and PMR.
Although an earlier study had found NK3R expression in some GnRH neurons in the rat [51] , we found no evidence for this in the ewe [50] . Despite clear signal for NK3R elsewhere in the same sections ( fig. 5 ) , none of the 517 GnRH-ir cells examined also contained NK3R. Similarly, although NK3R-and GnRH-containing fibers were intermingled in the median eminence, no co-localization could be detected. This absence of NK3R expression in GnRH neurons is unlikely to reflect the steroidal milieu because tissue from both follicular (n = 3) and luteal phase (n = 3) ewes was examined. In 23 contrast to GnRH neurons, many NKB-ir cells in the ARC contained NK3R and these were interspersed among non-NKB-ir cells that also contained this receptor ( fig. 6 ). Approximately 65% of NKB-ir cells contained NK3R, but these cells were a minority (39%) of NK3R-positive cells in this region. Not surprisingly, NKB cells that contained NK3R were contacted by NKB-ir close contacts (from other KNDy neurons), but interestingly so were non-identified NK3R-ir cells ( fig. 6 d-f) . Thus, one can conclude from these data that, in the ewe, NKB can act on KNDy cells and other neurons in the ARC but has no direct effect on GnRH neurons. These observations, together with the evidence that KNDy neurons also contain kisspeptin, laid the foundation for a new model to explain synchronization of GnRH neural activity. These included: (1) the presence of kisspeptin, NKB, and dynorphin in the same population of neurons in several species [17, [19] [20] [21] [22] ; (2) evidence that NKB [25] , like kisspeptin [14, 15] , was critical for normal GnRH secretion in humans; (3) the use of Kiss1r antagonists demonstrated that endogenous kisspeptin was required for episodic LH secretion [52] and push-pull data indicated that kisspeptin and GnRH pulses were correlated in the monkey median eminence [53] ; (4) the presence of NK3R in KNDy neurons [50, 51] and of reciprocal connections between them [9, 19] provided a simple explanation for coordinated release of kisspeptin, and (5) work in goats indicated that bursts of multi-unit activity (MUA) associated with LH pulses were recorded from the vicinity of KNDy neurons [54] . This confluence of information led four groups [21, [27] [28] [29] , working largely independently of each other, to propose in late 2009 and early 2010 that KNDy neurons represented the long-sought GnRH pulse generator.
Roles of KNDy Peptides
All four groups proposed the same roles for kisspeptin, NKB, and dynorphin in their models ( fig. 7 ) . First, kisspeptin was proposed to be the output signal that drives GnRH secretion during each pulse. This role was based on evidence cited above that kisspeptin was critical for LH pulses and the presence of Kiss1r in GnRH neurons in several species [32, 55, 56] . In contrast, GnRH neurons do not contain the κ-opioid receptor (KOR) that mediates dynorphin action [57] , and few [51] , or none [50] , of them contain NK3R. Because KNDy neurons do not contain Kiss1r, at least in sheep [40] , and exogenous kisspeptin failed to alter MUA in the ARC [54, 58] , the original model proposed no role for kisspeptin in controlling [50, 51] , it was hypothesized that a small increase in NKB would act on these neurons to initiate a positive feedback loop within their network at the start of a GnRH pulse. Because of the explosive nature of positive feedback loops, the resulting kisspeptin release could produce the rapid increase in GnRH secretion that is seen at the beginning of each pulse [59] . Finally, dynorphin release would be stimulated from these same neurons by NKB and, after a short delay, would inhibit activity of the KNDy network and thus terminate GnRH release at the end of a pulse. The role of dynorphin was largely speculative because it was unclear whether KNDy neurons contained KOR. However, earlier evidence demonstrated that iv administration of naloxone, an antagonist for KOR and μ-opioid receptors, increased the amplitude and prolonged GnRH pulses in ewes [60] , and a contemporaneous study reported that icv infusion of a specific KOR antagonist increased the frequency of ARC MUA in goats [22] . This proposal generated considerable interest, and a fair amount of controversy, and like all useful hypotheses has led to considerable work to test its viability. The rest of this review will be limited largely to subsequent work in sheep and goats, with a focus on testing the role of NKB in the generation of GnRH pulses, using agonists and antagonist to NK3R.
Role of NKB in Control of Episodic GnRH Secretion
Effects of NK3R Agonists
Two agonists have been used to investigate the role of NKB (or more accurately NK3R): senktide, which is highly selectively for NK3R [61] , and NKB, which acts predominantly via NK3R but can potentially act via the other two tachykinin receptors [62] . Two studies in ewes have reported stimulatory effects of senktide given either peripherally [33] or into the third ventricle [63] , but the relevance of these observations to control of episodic GnRH secretion is unclear because the site of action of senktide in these studies is not known. In fact, the LH pattern following icv administration of senktide more close- ly resembled the LH surge, than episodic LH secretion, and this effect could be produced with local administration in the RCh [63] , which does not contain KNDy cell bodies.
Three studies using NKB have indicated that this agonist can stimulate KNDy neurons. First, icv injection of NKB in OVX goats increased the frequency of bursts of MUA [22] , which presumably originates from KNDy neurons. Second, icv infusion of NKB stimulated LH secretion in anestrous ewes and dramatically increased Fos expression in KNDy neurons [64] . Although these two studies provide strong evidence that NKB can stimulate KNDy neural activity, it is still unclear where this effect occurs because NKB was given icv. Therefore, we examined the effects of local administration of NKB to the ARC of OVX ewes [47] . As illustrated in figure 8 , microimplants containing crystalline NKB consistently increased LH pulse frequency, while control (empty) microimplants had no effect. These results are consistent with the increase in bursts of MUA with icv injections of NKB in OVX goats [22] . However, that study also reported that NKB induced a transitory decrease in LH concentrations that was not observed with ARC microimplants in our work (pre 10.5 ± 0.8 vs. post 10.6 ± 1.4 ng/ml, n = 9). Taken together, these two studies indicate that NKB acts in the ARC to stimulate the GnRH pulse generator, but also acts elsewhere in the hypothalamus to inhibit GnRH secretion. The local effect of NKB microimplants could reflect an action on non-KNDy neurons that contain NK3R ( fig. 6 ) in the ARC [50] , but the simplest explanation is a direct effect on the KNDy neurons that also contain this receptor.
Effects of NK3R Antagonist
While NK3R agonists demonstrate possible effects of NKB, they provide no information on the role of endogenous NKB. The simplest approach to address the latter question in large animals is with the use of receptor antagonists, but this technique is complicated because the available NK3R antagonists, such as SB222200, are insoluble in water, so DMSO is usually used as a solvent. On the other hand, the insolubility of SB222200 is not a problem if microimplants containing crystalline drug are used. Therefore, we repeated the previous experiment with local NKB treatment except that we used microimplants containing SB222200 [47] and observed that this NK3R antagonist disrupted episodic LH secretion when placed in the ARC of OVX ewes ( fig. 9 ). The duration of this effect was variable, ranging from 84 min to at least 240 min, the duration of sampling after the start of treatment ( fig. 9 ). The reason for this variability in effectiveness is not clear as there was no obvious correlation with location of microimplantation site.
We have also begun to examine the effects of SB222200 on GnRH secretion into the hypophysial portal circulation. This is technically challenging because the ewes have to be heparinized for portal blood collection, so placement of microimplants into tissue is likely to cause a hemorrhagic lesion in the site of interest. However, we can overcome this problem by placing microimplants just to the tip of the guide tube. In preliminary work, we have so far examined the effects of SB222200 by sampling hypophysial portal blood every 2 min from 3 h before to 4 h after insertion of microimplants in 1 ewe ( fig. 10 ). Assessment of LH pulses in jugular samples collected simultane- ously at 10-min intervals, confirmed that SB222200 disrupted episodic secretion of this hormone as in previous work. Similarly, three clear GnRH pulses were evident before start of SB222200 treatment, but after treatment a more erratic pattern of GnRH release occurred. The initial GnRH pulse after the start of SB222200 appeared to be biphasic, and after that synchronous GnRH release was no longer evident. These preliminary results, if confirmed by future work, will provide strong evidence that the actions of endogenous NKB in the ovine ARC are critical for the synchronization of GnRH secretion during episodic secretion.
Interactions of NKB and Other KNDy Peptide
Interactions with Kisspeptin
The absence of NK3R in ovine GnRH neurons [50] indicates that any effects of NKB must be mediated by another transmitter, and the initial model ( fig. 7 ) proposed that NKB stimulated GnRH release via kisspeptin. Although there is no direct evidence in sheep that this mediator is kisspeptin, the induction of Fos in KNDy neurons by an icv infusion of NKB that stimulated LH release [64] is consistent with this hypothesis. Moreover, there is strong evidence that genetic [65] or pharmacological [66] disruption of kisspeptin signaling blocks the stimulatory actions of NKB in mice and monkeys, respectively. It thus seems reasonable to assume this is also the case in sheep, although this should be tested with a Kiss1r antagonist.
The stimulatory actions of kisspeptin on GnRH release most likely occur at both GnRH cell bodies and terminals. As noted above, there is anatomical support for KNDy projections to cell bodies in the POA, and AHA, but the highest level of innervation is to MBH GnRH neurons [39] that are also selectively activated (based on Fos expression) when episodic LH secretion is stimulated in sheep [67] . Similarly, kisspeptin projections to the median eminence [9, 40] may also be involved because kisspeptin can stimulate GnRH release from explants of ovine median eminence tissue [40] .
Although it was initially proposed that kisspeptin has no effect on ovine KNDy neurons because they do not contain Kiss1r [40] , we observed that local administration of a Kiss1r antagonist to the ARC consistently inhibits LH pulse frequency [47] . Thus it appears that endogenous kisspeptin does play a role in stimulating the activity of the KNDy neural network, but this must be an indirect effect via non-KNDy, Kiss1r-positive neurons found in the ovine ARC. Consequently, we have added a kisspeptin-responsive interneuron to our model ( fig. 11 ) and propose that these neurons are stimulated by kisspeptin released from KNDy neurons and act in concert with NKB to stimulate KNDy release of kisspeptin onto GnRH neurons. Interestingly, a similar inhibitory effect of a Kiss1r antagonist was observed in OVX rats [68] so that endogenous kisspeptin appears to have similar effects in the ARC of sheep and rats.
Interactions with Dynorphin
The interactions of NKB and dynorphin in control of GnRH secretion remain largely unexplored, particularly when compared to the variety of studies that have explored the interactions of NKB and kisspeptin. As noted above, there is strong evidence that endogenous opioid tone terminates each GnRH pulse and limits the amount of GnRH released during the secretory phase of the pulse [58] , but the opioid involved remains to be definitely determined. The ability of icv administration of a KOR antagonist to increase bursts of MUA in goats [22] is consistent with an important role for dynorphin and the same antagonist increased LH pulse frequency when given into the ARC of OVX ewes [47] . Thus, endogenous dynorphin acts in the ARC to hold MUA and GnRH pulse frequency in check. However, whether dynorphin acts directly on KNDy neurons or via the Kiss1r-containing interneurons cannot be determined until we are able to identify KOR at the cellular level in ewes. Moreover, the mechanisms responsible for controlling dynorphin release from KNDy neurons, including whether it is released simultaneously with, or slightly after, NKB remain unknown. This is a dif- 
Conclusion and Future Directions
There is now strong evidence that the actions of NKB in the ARC of the ewe are important for episodic GnRH secretion and that, specifically, an increase in endogenous NKB initiates each GnRH pulse by stimulating ARC KNDy neurons to release kisspeptin onto GnRH neurons. Whether NKB plays similar roles in other species is less clear.
The infertility induced by mutations that disrupt NKB signaling [25] indicates a critical role for this neuropeptide in humans, but the concept of KNDy neurons has been questioned because men have few dynorphin-ir cells [24] . However, there are alternate explanations for this observation that are consistent with the presence of KNDy neurons in men. First, loss of antigen during the post-mortem period from this tissue could explain both the low expression of dynorphin and that only a third of NKB-ir cells also contained kisspeptin. In contrast, 95% of NKB-ir somata contained kisspeptin in another study from this group [69] , and all NKB-positive neurons in freshly fixed ARC tissue from male monkeys contained kisspeptin [38] . Second, there is a marked sex difference in this population, with men having far fewer kisspeptincontaining cells than women [69] . As described earlier, a similar sexual dimorphism is observed in sheep and has been described for dynorphin as well as kisspeptin and NKB [18] , so it is likely that this too contributes to the low number of dynorphin-ir cells in men. In this regard, it should be noted that dynorphin-producing cells are readily detectable in the ARC of young women using in situ hybridization [70] , and these cells also likely produce both kisspeptin and NKB [23, 71] . In light of the strong evidence for the presence of KNDy neurons in women, we think it is premature to rule out their existence in men at this time.
Although there is strong evidence that NKB is critical for GnRH secretion in humans and sheep, its role in rodents is less clear because inactivating mutations of NK3R do not produce infertility in mice [72] , like they do in humans [25] . Moreover, in contrast to their effects in sheep ( fig. 9 ), NK3R antagonists have no effect on episodic LH secretion in rats [73, 74] , or on the ability of NKB to stimulate electrical activity in murine KNDy neurons in slice preparations [75] . Interestingly, recent data raise the possibility that these species differences may reflect more redundancy in tachykinin signaling in rodents. Thus, LH pulses were inhibited by blockade of all three tachykinin receptors (NK1R, NK2R, and NK3R) in rats [74] , as were the stimulatory effects of NKB on electrical activity of murine KNDy neurons [75] . NKB therefore appears to be able to act via all three tachykinin receptors in rodents. In addition, the other two tachykinins (substance P and neurokinin A) may be able to replace NKB because they stimulated the electrical activity of KNDy neurons in vitro [75] .
While considerable work in ewes, and other species, has focused on the possible role of NKB and KNDy neurons in pulse generation, there is less information on other physiological roles of NKB. However, mounting evidence supports a role for KNDy neurons in mediating the ability of exposure to males to stimulate episodic LH secretion in female sheep and goats [76] . This effect, which is primarily pheromonal in nature [77] , has been known for many years and is often employed to induce breeding out of season [78] . Elegant work in goats reviewed by Okamura et al. [79] has demonstrated that brief exposure to male odors induces a burst in MUA (presumably from KNDy neurons) within seconds. Moreover, ram exposure increased Fos expression in KNDy neurons in the ARC of ewes and a Kiss1r antagonist inhibited the ram-induced increase in LH pulses [80] . Thus, ARC kisspeptin has been implicated in the increased GnRH release caused by male sociosexual stimuli, but whether NKB is also involved remains to be determined.
There is less evidence for other possible reproductive functions for NKB. For example, NKB may be involved in the initiation of puberty [33] , and the inhibitory effects of estradiol on NKB expression [11] raise the possibility that it may be involved in steroid-negative feedback in adult ewes. Similarly, decreased activity of KNDy neurons has been implicated in the inhibitory effects of photoperiod [30] , lactation [20] , undernutrition [48] , and stress [81] on reproductive function. Determining whether these proposed roles simply reflect the importance of episodic GnRH secretion to these processes, and assessing the relative roles and interactions of NKB with kisspeptin requires further work. Similarly, because most work has focused on the actions of NKB in the ARC, the roles (if any) of NK3R expression elsewhere in the hypothalamus and POA ( fig. 4 ) in control of LH secretion remain unknown, although we have evidence that activation of NK3R in the RCh stimulates LH secretion in the ewe [63] . Finally, the biological significance of the sexual dimorphism in NKB expression remains an unanswered question, although this characteristic was identified in the first study on the NKB system in the ewe [4] . It is interesting to note that a prenatal androgen treatment that masculinizes many neuroendocrine systems induces this sexual dimorphism in NKB cell number, but has no effect on the number of ARC neurons expressing kisspeptin [18] . Thus, although ARC kisspeptin and NKB are often tightly coupled, there are instances when the two can be readily distinguished, suggesting that they may well have distinct functions in the control of GnRH secretion.
Finally, workers are just beginning to explore non-reproductive functions of NKB and KNDy neurons. Recent work suggests an important role for these neurons in mediating the inhibitory actions of estradiol on body weight in rats [82] , but whether this applies to sheep or other species is unknown. Perhaps more interestingly, the effects of senktide on temperature regulatory systems in the POA of rats [83] have led to the hypothesis that NKB from KNDy neurons may explain the well-established temporal link between hot flushes and episodic LH secretion in postmenopausal women [84] . If this proves to be the case, one could infer that KNDy neurons are very likely part of the GnRH pulse generator in women.
